Introduction
..
The, intent of this research is to determine the inductive time constant of a circuit that contains a· battery.
As discussed by 1 
Rosser,
the rate at which the current rises in one portion of a cir-2 cuit is a function of the configuration and properties of the rest of the circuit. Therefore, this problem cannot be solved in parts. The rigorous method for handling the inductance effects is to solve
Maxwell's equations of electromagnetism throughout the entire circuit and surrounding medium, simultaneously with the equations that govern battery performance. This would require an enormous effort. As such, we direct our investigation _to the simpler case of determining rigorously the rate of discharge of a radial 1 circuit with an induetive, coaxial, cylindrical core. Applying the same arguments as found in part I, the cylindrical core is assumed to approximate the behavior of a bipolar battery. Furthermore, the electromotive force is assumed rooted at some radial distance, r , away.
0
In part I we developed the solution to the rate at which an electric field penetrates a cylindrical conductor. As discussed, a solid conductor is a poor approximation ·of the inner workings of a battery. However, that analysis provided an adequate first approximation of the inductive behavior of the battery. In this section, we shall use a transmission-line analysis in conjunction with the preceding work to determine the time constant of the total circuit configuration. The solution to this full problem may suggest where the limitation to instantaneous discharge resides and may then be used for design criteria for systems intended to be discharged at high rates.
• .. takes the system to reach steady-state. A transmission-line analysis shall be used to characterize the propagation of the signal along the radial conductors to the inner cylindrical conductor. The solution derived in part I section for the penetration of an electric field into a conductor shall be converted into a boundary condition at
The problem is solved using Laplace transforms. Two cases are considered: the first is where the outer radial conductors are assumed to have an infinite conductivity; and the second is where they have a finiteconductivity. Before proceeding to the solution, we shall first develop, through the elementary laws of statics and electrodynamics, the transmission-line equations.
Transmission-Line Analysis
A measure of the ease by which charge q migrates through a medium is' characterized by its resistivity, p. .This parameter is lowest for conductors, of moderate value for semiconductors, and highest for insulators. The total resistance of a bar of a conducting material of length 1 and area A is
A"
(1)
Thus the resistance is defined by two parameters: the physical geometry and resistivity.
According to Gauss's law, an electric field outside of a conductor acting perpendicular to the conductor is given by
The potential is defined as (3) For two parallel plates of equal and opposite charge and distance d
apart we obtain (4) 
Current is defined as the amount of charge that passes a particular point per unit of time.
In differential form
I
.for a capacitive current.
£9..
Ampere's law shows that with the passing of any current there is· an associated magnetic field,
For a current flowing in a wire, the magnetic field is proportional to the amount of current and inversely proportional to the square of the distance from the center of the wire,
The magnetic flux, ~. is the sum of the magnetic fields of currentcarrying elements from different positions in the conductor. The magnetic linkage, >., is the sum of the total ·magnetic flux in the system. The magnetic linkage is proportional to the current,
L, the self-inductance, is a proportionality constant between the flux lirtkage and the current and again is a function of the physical geometry and ~. a parameter describing the surrounding medium. For a parallel-plate configuration, it can be shown that the selfinductance is
To relate the flux linkage back to a potential, we turn to Faraday's law,
which mathematically states that a magnetic field that is varying in time has associated with it an electric field. These definitions ultimately lead to the expression •
gives the transmission-line equation for a radial circuit of infinite conductivity,
at (18) If the conductor maintains a finite resistivity, the equation The following is a list of the initial and boundary conditions.
Initial Conditions
The first condition mathematically states that the potential is zero everywhere at time zero. The second condition states that the change ·of the p'otential with respect to time at time zero is also zero.
This implies that some type of "inertia" or inductance must be overcome before the potential will change at time zero.
Boundary Conditions
The first boundary condition states that at r (27) (28) r the potential is 0 ..
instantaneously set to ~ . The second condition is interpreted as 0 the integral of. the current density over the area in the inner con-.
ductor is equal to the line integral of the skin-current density that enters the inner conductor at r = r .. 
(32) 
and
Inversion of this solution to position and time coordinates is formidable. The transformation may be performed by the method of residues, application of which requires the poles of the equation.
The poles are also equal to the negative of the time constants.
Time Constants
Since our primary concern in this investigation is the rate at which a conductor in a circuit can be brought to full current, we and is a function of the size ratio r /r .. 
. (39) function of the size ratio is plotted in figure 3 along with the roots of equation 43.
This figure shows that the time constant increases without bound as the ratio of the radius of the perfectly conducting outer leads to the radius of the inner conductor is increased.
Case 2:
Outer Conductors of Finite Conductivity.
The radia-l circuit geometry is again used here; however, this time the circuit maintains a finite conductivity. The transmissionline equation for a radial conductor with a finite conductivity is 
The self-inductance of the inner conductor is proportional to its permeability, f.Li. The resistance of the inner conductor is inversely proportional to the radius squared and the conductivity, _1_}· (49) Y(s)
As in the first case, inversion of this solution to time coordinates is difficult; we shall again focus on obtaining the time constant of the problem.
Time Constants
We show in figure 4 , as we did in figure 2 As mentioned, ~ is the ratio of the inductive time constants of the inner conductor to the outer radial leads. In case 1, where the leads are of infinite conductivity or zero resistance, the inductive time constant of the leads is infinite, and ~ is zero. Setting.~ to zero in case 2 reduces the solutions to those of case 1.
For the system with infinitely conductive leads, the time con~ stant is proportional to the logarithm of the' ratio of the size of the leads to .the size of the inner conductor. On the other hand, the system with leads of finite conductivity has a time constant that is bound between the time constant of the inner conductor and that of the leads. In general, the time constant of the system may either increase or decrease with the size ratio of the system, but it becomes independent of the size of the system . as the size ratio approaches infinity.
The problem we have just addressed is analogous to the problem of determining the time constant of a circuit with two inductors fn series. In that situation, the inductances are added, and the resi·s-tances are added. The time constant for the circuit is then 3
L./R.
which is analogous to the analytic approximation provided in equation Ohm's law gives the relation for current density in the central conductor in terms of a component of electric field
We have shown in part I that inside a cylindrical conductor . the 
. 
After integrating and some rearrangement, we get the boundary condition,
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